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ABSTRACT 

Nondestructive testing equipment called FWD (Falling Weight Deflectometer) has been 

widely utilized for structural evaluation of pavement. This paper presents backcalculation of 

multilayered pavement layer parameters from FWD tests by using dynamic backcalculation 

software which authors have recently developed. The theoretical solution for a system of 

axisymmetric wave propagation equations was developed using Hankel transform in radial 

direction and Fast Fourier Transform in time domain and was implemented into this 

backcalculation software. This software is called Wave_BALM (Wave propagation based Back 

Analysis for Layer Moduli). The viscoelastic model used herein is called the Voigt solid (or 

Kelvin solid). 

The validity of this software was examined by using FWD time history data of airfield 

pavement provided by FAA. Reliability of the results was confirmed by the following 

observations, 

1) Backcalculation was conducted by using fifty sets of randomly generated seed values and 

the variation of the results was found small. 

2) Excellent agreement between computed and measured deflections is confirmed. 

 

INTRODUCTION 

The Falling Weight Deflectometer (FWD) is the most commonly used equipment for 

nondestructive evaluation of pavement systems. Although the FWD test is dynamic, the 

backcalculation techniques used to the FWD records are primarily elastostatic based approach. 

Only peaks of load and response histories are used in the backcalculation and valuable 

information which may contain in the time series data is disregarded. The discrepancy may lead 

to systematic errors in the estimation of pavement moduli.  

When an impulsive force applies at pavement surface, deformation wave propagates in all 

directions from the center of loading. FWD measures the propagating deformation wave at 

several points of pavement surface. In general, it is well known that damping effect must be 

taken into consideration. The number of investigations have focused on the dynamic 

interpretation of FWD data have been reported [1-5]. Many of them utilize the finite element 

code for the dynamic analysis of pavement structures.  

Thus, authors have derived the analytical solution for a wave propagation problem in a 

viscoelastic multilayered media[6]. The solution code called WPALS (Wave Propagation 

Analysis for Layered Systems) was developed and implemented in the backcalculation software 

called Wave_BALM (Wave propagation based Back Analysis for Layer Moduli) [7]. It is 

assumed that all layers are composed of viscoelastic solid represented by the Voigt model. 

The FWD time history data utilized in this study were measured at the Federal Aviation 

Administration’s National Airport Test Facility. Layer moduli and damping coefficients of 

airfield pavement estimated by Wave_BALM are herein reported.  
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WAVE PROPAGATION ANALYSIS IN VISCOELASTIC MEDIA 

Impulse load acts uniformly on a circular area of radius 0r  at the surface of multilayered half 

space composed of the Voigt model. This is an axisymmetric problem and the following wave 

equations holds in all layers (see Figure 1),   
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in which u  and w  are displacement components in r  and z  directions, ρ  is density, c  is 

density proportional damping, and rσ , θσ , zσ and rzτ  are normal and shearing stresses 

respectively. rθτ and zθτ are disregarded because of axisymmetry assumption and thus they are 

not shown in Figure 1.  

The following set of equations gives strain- displacement relationship.  
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in which rε , θε  and zε  are normal strains corresponding to rσ , θσ  and zσ , and rzγ  is shearing 

strain corresponding to rzτ . 

 

 

 

 

 

 

 

The stress-strain relationship for the Voigt model can be expressed as, 
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 Figure 1 definition of stresses in the axisymmtric coordinate 
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where� 

)21)(1( νν

ν

−+
=a  , 

)1(2

1

ν+
=b  

E  is Young’s modulus, F  is damping coefficient ( also called as viscous coefficient) and ν  is 

Poisson’s ratio�These material properties may differ but the relationships of Equations (1)-(3) 

hold in all layers. 

If the finite element method (FEM) was applied to solve Equations (1)-(3), it would result in a 

system of equations of motion with a Rayleigh damping matrix which is expressed by a linear 

combination of mass and stiffness matrices. In this formulation the parameter c  appears in the 

mass matrix proportional damping and F  comes in the stiffness matrix proportional damping. 

When impulsive force )(tP  acts uniformly over a circular area of radius 0r  at the surface of 

multilayered system, the boundary condition can be written as, 

)(),0,( tptrz −=σ  0rr ≤                     (4a) 

0=  0rr >                      (4b) 

0),0,( =trrzτ  0≥r                    (4c) 

where 

( )2)()( atPtp π=  

Instead of using FEM, we have derived the analytical solution of Equations (1)-(4) using 

Hankel transform and Fast Fourier Transform (FFT) [6].  
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Figure 2 Voigt Model [8] 
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BACKCALCULATION 

The parameters FE, and c are unknown and need to be identified. However our past work 

found c  insignificant [7]. Thus, E  and F of pavement layers are identified from FWD time 

history data. Let jE  and jF  are unknown parameters of the j th layer ( Mj ,,1 K= ). And )(twi  

be the measured deflection at sensor location i  ( Ni ,,1K= ) and ),,( tFEz jji  be a computed 

deflection at the corresponding location. jE  and jF  are determined such that ),,( tFEz jji  

shows a good agreement with )(twi  at discrete time step by using a point matching technique. 

The comparison is made in the range where responses are large, because the heads and tails of 

measured responses are likely to contain significant errors. The total number of unknown 

parameters are M2 , when the number of pavement layers are M . 

The seed values ( )Tjj FE ,=X  of all layers are assigned prior to backcalculation. Then 

surface deflections are computed and the difference between computed and measured deflections 

in the selected range is minimized by the Gauss-Newton method with truncated singular value 

decomposition to determine the unknowns. The evaluation function is defines as follows.  

{ }∑∑ ∑ −=
= = =

L

l

N

i

K

k
k

l
ik

l
i tztwJ

1 1 1

2)()( ),()(
2

1
X                                               (5) 

in which� 
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k

l
i tw  : measured response of the point i  at time 

k
t  in l -th data set. 

),( ki tz X : computed response of the point i  at time kt . 

X  : the vector of unknown parameters (layer moduli and damping coefficients) 

K  : the number of discrete time steps. 

L  : the number of data sets used for backcalculation. 

Since this is a nonlinear minimization problem, iterative computation must be introduced. 

The following is the update formula to estimate unknown parameters [8]. 
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Equation(6) becomes simultaneous equations of MM 22 × . Since the condition number of 

coefficient matrix often becomes large, the set of equations mast be solved with care. A method 

such as a truncated singular matrix decomposition method will help to solve the problem. 

Measured and computed deflections are compared at every time step in the time interval 

Kttt ≤≤1  and the square sum of the difference is minimized. The time when the deflection of 

loading plate center D0 exceeds 50% of its peak deflection is defined as 1t  and the time when the 

deflection of 150cm off from the center reduces less than 50% of its peak is defined as Kt  as 

shown in Figure 3. The time increment of 0.2652 ms is used from the FWD data. 

 

DESCRIPTION OF CROSS SECTIONS AND MATERIALS 

The U.S. Federal Aviation Administration’s National Airport Pavement Facility (NAPTF) is 

a full scale pavement test facility. The NAPTF was constructed to generate full-scale testing data 

to investigate the airport pavement performance. FWD tests were conducted on the NAPTF 

pavement test sections. The description of cross sections FWD tests were conducted is given in 

Table 1.  

All tests were carried out by four drops with the target loads 36,000, 12,000, 24,000 and 

36,000 lbs (1 lb = 4.4482N). The first three drops recorded the peak values of loads and 

deflections and the fourth drop the time histories of loads and deflections. Only the time history 
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Figure 3 The interval of point-wise matching 
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data from the fourth drop is employed to estimate layer parameters in this paper. However, the 

cross section (Point ID: LRS/LFS Trans Area Slab 1 C01) was not analyzed because it is not 

axisymmetry due to the thickness variation of layer 2. The forward analysis implemented in 

Wave_BALM requires uniform layer thickness. Although all units of the original data are in US 

units, they were converted to SI units because the backcalculation software can accept only SI 

units. 

Table 1 Information of pavement structures for all points 

Point I.D Layer 1 Layer 2 Layer 3 Layer 4 Files 

LRS C01 

(Section1) 

20’ by 20’ 

PCC Slab 

H = 11 inch 

P306 

Econo=crete 

H = 6.125 inch 

P154 material 

H = 8.375 

inch 

Low 

Strength 

Sub-grade 

GRAPHA & 

GRAPHB 

LRS/LFS 

Trans Area 

Slab 1 C01 

12.5’ by 20’ 

PCC slab 

H=17.125 in 

P209, H varied 

from 8.375 to 

23.5 inch 

Low Strength 

Sub-grade 

 GRAPHC & 

GRAPHD 

LFS A09 @ 

C/L 

(Section2) 

P401 

asphalt, H = 

5 inch 

P401, Asphalt 

stabilized base, 

H=4.875 inch 

P154 sub-

base, 29.625 

inch 

Low 

Strength 

Sub-grade 

GRAPHE & 

GRAPHF, (No 

loading area) 

LFS F11, 

Lane 2 

(Section2) 

P401 

Asphalt, H 

= 5 inch 

P401, Asphalt 

stabilized base, 

H=4.875 inch 

P154 sub-

base, 29.625 

inch 

Low 

Strength 

Sub-grade 

GRAPHG & 

GRAPHH 

(Loading area) 

LFC F13, 

Lane 2 

(section 3) 

P401 

Asphalt, H 

= 5 inch  

P209, 

Crushed Stone, 

H = 7.75 inch 

P154 sub-

base, H = 

36.375 in 

Low 

Strength 

Sub-grade 

GRAPHI & 

GRAPHJ 

(Loading area) 

LFC A09 

@ C/L 

(Section 3) 

P401 

Asphalt, H 

= 5 inch  

P209, 

Crushed Stone, 

H = 7.75 inch 

P154 sub-

base, H = 

36.375 in 

Low 

Strength 

Sub-grade 

GRAPHK & 

GRAPHL (No 

loading area) 

HFC @ C/L 

(Section 4) 

P401 

Asphalt, H 

= 5.25 inch 

P209, 

Crushed Stone, 

H = 10.875 inch 

High 

strength Sub-

grade 

 GRAPHM & 

GRAPHN (No 

loading area) 

HFC Lane 

2 (Section4) 

P401 

Asphalt, H 

= 5.25 inch 

P209, 

Crushed Stone, 

H = 10.875 inch 

High 

strength Sub-

grade 

 GRAPHO & 

GRAPHP 

(Loading area) 

1 inch = 2.54 cm 

‘Loading area’ in sections 2, 3 and 4 means that 20,000 to 30,000 loading passes (B777 and 

B747 gear) have been applied and ‘no loading area’ refers to the center of pavement where no 

heavy load has been applied. 
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CROSS SECTIONS AND BACKCALCULATION RESULTS 

LFS A09@C/L and LFS 11, Lane 2, LFC F13, Lane 2 and LFC A09@C/L, and also HFC@C/L 

and HFC Lanes 2 in Table 1 have same cross sections and same materials. Thus there are four 

cross sections which are given in Table 2 in SI units. Since the section 2 contains asphalt 

stabilized layer, backcalculation was conducted on 4 layer and 3 layer systems (section2-1 and 

section 2-2 respectively).  

Table 2 Cross Sections Used for Backcalculation 

Section 1 (LRS)

material density(kg/m3) Poisson's ratio thickness(m) range of seed modulus (MPa)

layer 1 PCC Slab 2450 0.2 0.279 20,000 - 50,000

layer 2 Econo crete 2400 0.2 0.156 15,000 - 30,000

layer 3 Sub-base 2242 0.35 0.213 100 - 600

layer 4 Sub-grade 1949 0.4 20 -100

Section 2-1 (LFS)

material density(kg/m3) Poisson's ratio thickness(m) range of seed modulus (MPa)

layer 1 Asphalt 2300 0.35 0.127 5,000 - 10,000

layer 2 As stabilized 2300 0.35 0.124 5,000 - 10,000

layer 3 Sub-base 2242 0.35 0.752 500 - 1,000

layer 4 Sub-grade 1949 0.4 20 - 100

Section 2-2 (LFS)

material density(kg/m3) Poisson's ratio thickness(m) range of seed modulus (MPa)

layer 1 As compsite 2300 0.35 0.251 5,000 - 10,000

layer 2 Sub-base 2242 0.35 0.752 500 - 1,000

layer 3 Sub-grade 1949 0.4 20 - 100

Section 3 (LFC)

material density(kg/m3) Poisson's ratio thickness(m) range of seed modulus (MPa)

layer 1 Asphalt 2300 0.35 0.127 5,000 - 10,000

layer 2 Crushed Stn 2545 0.35 0.197 1,000 - 3,000

layer 3 Sub-base 2242 0.35 0.924 500 - 1,000

layer 4 Subgrade 1949 0.4 20 - 100

Section 4 (HFC)

material density(kg/m3) Poisson's ratio thickness(m) range of seed modulus (MPa)

layer 1 Asphalt 2300 0.35 0.133 5,000 - 10,000

layer 2 Crushed Stn 2545 0.35 0.276 1,000 - 3,000

layer 3 Subgrade 2095 0.4 100 - 500  
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There are two sets of time history data for Section1. From section 2 to section 4, there are 

two sets each of time history data at both no loading area and loading area. Backcalculation was 

performed using each set of data and also two sets of data combined. When each set of data is 

used, L in Equation (5) is 1, while L is 2 when two sets are used. Because backcalculation tends 

to be unstable, fifty sets of seed values are randomly generated for backcalculation in the ranges 

described in Table 2. Layer modulus and layer damping are computed and their mean and 

standard of deviation are presented in Tables 3 and 4 

Section 1 is PCC Slab section. The backcalculated modulus of layer 1 shows about 24,000 

MPa, the modulus of layer 2, which is econocrete, is about 13,000 MPa. In this backcalculation, 

curling effects are not considered and full interface bonding is assumed. 

For Section 2, FWD tests were conducted at no loading area and loading area. Although 

Section 2 is a four layer system, backcalculation is made on both a four layer system and three 

layer in which layer 1 and layer 2 are combined and considered as one asphalt composite layer. 

The results from the four layer system show the backcalculated modulus of layer 1 is about 8400 

MPa, and that of layer 2 is about 5,000 MPa in no loading area. The backcalculated modulus of 

combined layer is about 6800 MPa, which is about the average of layers 1 and 2 of the four layer 

system. Layer moduli of sub-base and subgrade estimated from the four and three layer systems 

remain unchanged. The table shows that estimated moduli in loading area are smaller than those 

in no loading area. The marked reduction of layer moduli is observed in upper layers than in 

lower layers.  

For Section 3, the moduli of layers 1 and 2 are about 7800 MPa and 350 MPa respectively in 

no loading area while those moduli in loading area show noticeable reduction and their values 

are about 4000 MPa and 200 MPa respectively. Significant stiffness reduction takes place mainly 

in upper layers. Little difference is observed in the subgrade moduli of no loading area and 

loading area. 

For Section 4, the backcalculated layer modulus of layer 1 is about 11,000 MPa, that of layer 

2 is about 100 MPa, and that of layer 3 is about 370 MPa. As described in Table 1, the subgrade 

is high strength subgrade. The backcalculated modulus is much higher than those of other 

sections. On contrary to our expectation, clear reduction is not observed in upper layer moduli of 

loading area. Although the subgrade modulus of loading area shows slight reduction, the upper 

layer moduli shows an little increase in loading area. These unexpected results may occur due to 

densification of upper layers when the subgade is very stiff. 

Table 4 presents the backcalculated layer dampings. It is not known what results imply up to 

now. It can be said that the larger the layer modulus is, the larger its damping coefficient is when 

layer material is same. Also it can be said that the value of layer damping is in general one 

percent or less of that of layer modulus. 
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The backcalculated results depend on the assumed layer density, Poisson’s ratio, layer 

thickness and ranges of seed values, although their effects on the results differ. 

When FFT is applied to dtdFE +  in Equation (3), it becomes complex modulus of 

FfiEE )2(* π+= , in which 1−=i  and f  is frequency ( Hz ). Thus its magnitude can be 

expressed as, 

( )22 2* FfEE π+=      (7) 

When a stationary load is applied, f  is 0, EE =*  from the above equation. *E  increases with 

the increase of f . Figure 4 illustrates the magnitude of layer complex modulus in section 

3(loading area). The figure explains that a layer modulus appears stiff when a loading duration is 

short. When stationary load is applied, the modulus decreases to the modulus values of Table 3. 
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Figure 4 Relationship between the magnitude of complex layer modulus and frequency 
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COMPARISON OF MEASURED AND COMPUTED DEFLECTIONS 

Measured deflections are compared with computed deflections after backcalculation in 

Figures 4(a) – 4(d). Figure 4(a) illustrates the deflections from No.1 of Section 1. Figure 4(b) 

describes the deflections from No.1 of Section 2 in loading area. Figure 4(c) shows the 

deflections from No.1 of Section 3 and Figure 4(d) shows those of Section 4 in loading area. 

The deflections are matched by upgrading parameter values using Equation (6) in the pre-

assigned time interval. All figures demonstrate excellent agreement between measured and 

computed deflections. Judging from the good agreement, it can be stated that the backcalculation 

results presented herein are quite reliable. 
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Figure 5(a) Comparison of Measured and Computed Deflections (Section 1) 
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Figure 5(b) Comparison of Measured and Computed Deflections (Section 2 Loading Area) 
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Figure 5(c) Comparison of Measured and Computed Deflections (Section 3 Loading Area) 
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Figure 5(d) Comparison of Measured and Computed Deflections (Section 4 Loading Area) 

 

COMPUTED STRAINS 

Strains of section 2 are computed using both three and four layer systems. Figure 6(a) shows 

a horizontal strain xε  at the bottom of asphalt stabilized layer in Section 2 in both no loading 

area and loading area. The significant increase in the strain is observed in loading area compared 

with that of no loading area. The difference in strains of no loading area and loading area is 

much greater in four layer system than in three layer system. Figure 6(b) compares the vertical 

strains at the top of subgrade of Section 2. The difference in strains at no loading area and 

loading area is negligibly small. However there is clear difference in strains between the four 

layer system and the three layer system. This may be due to the difference in mechanical 



Matsui, Ozawa, and Takehara 

 

14 

properties between layer 1 (asphalt) and layer 2 (asphalt stabilized) although they are classified 

as P401. Considering the maximum subgrade strains are in the order of 1/1,000, a linear elastic 

model can be used for the analysis [9].  

The advantage of analytical solution used here is that it can compute responses at any point 

of interest in a pavement structure.  
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Figure 6(a) Computed Horizontal Strains at the Bottom of Asphalt Stabilized Layer (Section 2) 
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Figure 6(b) Computed Vertical Strains at the top of Sub-grade(Section 2) 
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SUMMARY AND CONCLUSIONS 

Backcalculation was performed using FWD time history data measured at the Federal Aviation 

Administration’s National Airport Test Facility. The backcalculation software used here is called 

Wave_BALM recently developed by authors, in which the analytical solutions of wave 

propagation equations (WPALS) are implemented. 

Test pavement sections are modeled by three or four layer systems assuming subgrade 

thickness is infinite. After backcalculation, measured and computed deflections are compared 

and found excellent agreement. From backcalculated results in Table 3, the following comments 

can be made, 

1) Estimated PCC modulus is about 24,500 MPa which is a little too large and estimated 

econocrete modulus is about 13,000 MPa. It seems the identified results appears to be little 

small. This may be due to the assumption that layer inter face is fully bonded.  

2) In section 2, the estimated modulus of asphalt stabilized layer is found about 5,000 MPa, 

while the modulus of asphalt layer 8,400 MPa. However the both layers are classified as 

P401, the estimated modulus of combined layer is 6,800 MPa. 

3) Layer moduli of no loading area and those of loading area significantly differ at the subgrade 

of low strength.  

4) Table 4 presents layer damping coefficients. They are found less than 1% of layer moduli. 

However, it is not known how closely they are related to pavement condition. 

5) Responses such as displacements, strains and stresses can be computed at any point of 

interest. 

Effected most in backcalculation is the range of seed values. They must be assigned with 

great care. The next is layer thickness. If layer thickness error is 15% or more, the iterative steps 

used in this backcalculation may not converge. The effect of layer density has not been fully 

examined yet. Its error effect seems greater than the effect of Poisson’s ratio. 
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